A soil amoeba (Hartmannella glebae), when grown in conjunction with Enterobacter aerogenes and Alcaligenes faecalis, produced two enzymes. Enzyme I was purified by gel filtration on Sephadex G-100 and chromatography on diethylaminoethyl-cellulose. It is a basic protein. The analysis of the enzymic digest of the cell walls of Micrococcus lysodeikticus after reduction and acid hydrolysis showed that the enzyme cleaved the glycosidic bond between acetylmuramic acid and acetylglucosamine of the peptidoglycan moiety of the cell walls. The enzyme is identified as endo-/3-N-acetylmuramidase.
A soil amoeba (Hartmannella glebae), when grown on an agar lawn of Enterobacter aerogenes, was found to possess only one bacteriolytic enzyme. The partial purification and some properties of this enzyme were reported previously (2). It was later demonstrated that when the amoebae were grown in conjunction with both E. aerogenes and Alcaligenes faecalis two lytic enzymes were produced (12) . The first enzyme (referred to as enzyme I in this paper) was suspected to be the same as that produced by H. glebae grown in the presence of E. aerogenes alone. No further work was done on it. The isolation, purification, and some properties of the second enzyme (referred to as enzyme II in this paper) were reported earlier (12) . This paper describes the isolation and further purification of enzyme I and its identification as endo-,8-N-acetylmuramidase (muramidase or lysozyme, EC 3.2.1.17).
MATERIALS AND METHODS
Procedures for the culture and growth of H. glebae, preparation of the crude extract, and the measurement of bacteriolytic activity were the same as described previously (12) , except that centrifugations were carried out in 0.02 M K2HPO4-KH2PO4 buffer, pH 7.0, instead of distilled water for the purification of amoebae. The crude extract was stored frozen at -150C for several weeks instead of 1 week.
Protein was determined by the method of Lowry et al. (6) , using crystalline albumin (Calbiochem, Los Angeles, Calif.) as the standard.
Diethylaminoethyl (DEAE)-cellulose and Sephadex G-100 (both purchased from Sigma Chemical Co., St. Louis, Mo.) were used for ion-exchange chromatography and gel filtration, respectively.
All steps for isolation and purification of the lytic enzymes were carried out at 4°C unless otherwise specified. Electrophoresis on cellulose acetate was performed using a Gelman Electrophoresis Chamber (Gelman Instrument Co., Ann Arbor, Mich.). Sepraphore III strips (2.5 by 15 cm) were soaked in each buffer overnight and blotted lightly before use. The strips were spotted at the anode, and a current of 2.0 mA was applied for 1 h. The strips were stained with Ponceau S (Gelman) and rinsed with 5% aqueous acetic acid. The following buffers were used at a concentration of 0.025 M: phosphate (pH 5.0, 6 .0, and 7.0), veronal (pH 8.0 and 9.0), and glycine (pH 10.0 and 11.0).
The cell walls of Micrococcus lysodeikticus were prepared by the method of Park and Hancock (7) . The enzymatic digestion of cell walls was carried out in a reaction mixture containing 10 ml of the enzyme (5.4 x 104 units of activity) in 0.02 M phosphate buffer, pH 7.0, and 115 mg of M. lysodeikticus cell walls. The mixture was incubated at 37°C for 24 h. The sample was centrifuged, and the supernatant was dialyzed for 32 h against 400 ml of water (four changes of 100 ml of water every 8 h). The diffusate was lyophilized and redissolved in 7.0 ml of water. It was subjected to chromatography on a column ( (4) . The column was eluted with 400 ml of water. The eluate was lyophilized and reconstituted in 4 ml of water. One-half of the sample was reduced with 0.1 M sodium borohydride. As controls, N-acetylglucosamine and muramic acid (Sigma) were reduced in a similar manner. The reduction was allowed to take place for 3 h at room temperature. The two samples (reduced and unreduced) and controls were hydrolyzed in sealed tubes with 4 N HCl for 4 h at 100°C. Acid was evaporated in vacuo in the presence of P205 and NaOH. Samples and controls were analyzed by descending two-dimensional paper chromatography on Whatman no. 1 paper using the solvent system n-butanol-acetic acid-water (3:1:1, vol/vol) and pyridine-water (4:1, vol/vol) and unidimensional paper chromatography using n-butanol-pyridine-water-acetic acid (60:40:30:3, vol/vol).
RESULTS
Isolation and purification of bacteriolytic enzyme I. The bacteriolytic activity of the crude extract of the amoebae was precipitated out with 60% acetone as described previously (12) . The acetone fraction was dissolved in 60 ml of 0.02 M K2HPO4-KH2PO4 buffer, pH 7.0, and divided into three equal parts. Each part was chromatographed on a DEAE-cellulose column (33 by 2.5 cm) using 0.02 M phosphate buffer, pH 7.0, followed by the same buffer containing 0.2 M NaCl. A typical profile for the separation of enzymes I and II was obtained as reported earlier by Upadhyay and DiFulco (12) . Enzyme I was eluted earlier in phosphate buffer alone and enzyme II in buffer containing NaCl.
The active fractions containing enzyme I from three columns were pooled and concentrated by precipitation with 60% acetone. The concentrated enzyme was dissolved in phosphate buffer. A 16.5-ml sample was applied to a 33-by 2.5-cm column of Sephadex G-100. The column was eluted with 0.02 M phosphate buffer, pH 7.0, and 5-ml fractions were collected and assayed for lytic activity. The enzymatically active fractions (25-41) were combined ( Fig. 1) and concentrated by precipitation with 60% acetone.
The above enzyme was further purified by chromatography on a second DEAE-cellulose column (33 by 2.5 cm). The enzyme (8.5 ml) was added to the column and eluted with 0.02 M phosphate buffer, pH 7.0. The enzyme appeared in a single peak (Fig. 2) . The active fractions (25-29) were pooled. The results are summarized in Table 1 .
The overall recovery of enzyme I relative to the crude extract was 1.87%, with a total purification of 4.6-fold.
The recovery of enzyme II after column chromatography on DEAE-cellulose was 239.1%. Such a high increase in activity of enzyme II was always found in all our experiments. This enzyme was saved for later work.
Electrophoresis. The results of electrophoresis of purified enzyme I on cellulose acetate at different pH values (5.0 to 11.0) are presented in Fig. 3 . The enzyme migrated toward the cathode as a single band, indicating that it is a basic protein.
Effect of various agents on lytic activity. The data on the effect of ethylenediaminetetraacetic acid (EDTA), mercaptoethanol, and some inorganic salts on lytic activity are shown in Table 2 . These substances at various concentrations were added to the assay system. No stimulation of the activity was observed. All the cations showed partial inhibition, the most potent inhibitor being silver at a concentration of 10-3 M. EDTA and mercaptoethanol had no significant effect on the activity.
In other experiments the enzyme was preincubated at room temperature for 15 min with EDTA (10-3 to 10' M) and p-chloromercuribenzoate (10-3 and 10-4 M) before the assays were run. There was a slight increase in lytic activity (approximately 12%) with EDTA at a concentration of 10-4, 10-5, and 10-6 M. No significant change in activity was observed at a concentration of 10-3 M. p-Chloromercuribenzoate, at a concentration of 10-3 M, showed 79% inhibition of the control value but no inhibition at a concentration of 10-4 M.
Specificity of lytic activity. Products of the lysed M. lysodeikticus cell walls were prepared for analysis as described in Materials and Methods. Paper chromatography of the acid hydrolysates of unreduced samples with three different solvent systems revealed strong spots of glucosamine and muramic acid, and few amino acid spots when sprayed with ninhydrin. In the reduced sample, however, the muramic acid spot had completely disappeared and a new slowly developing pink spot of muramitol, having an Rf identical with standard muramitol, appeared. On the contrary, the glucosamine spot remained unchanged. In both cases, the amino sugar spots were confirmed by spraying the duplicate chromatograms with Elson-Morgan reagents (9) . In the reduced sample, no muramic acid spot was detected. The muramitol spot, however, was not observed by these reagents, since reduced amipo sugars are usu- only in response to A. faecalis and was not formed when amoebae were grown in the presence of E. aerogenes alone (2). Enzyme I was suspected to be the same bacteriolytic enzyme as the one produced when amoebae were grown in conjunction with E. aerogenes only (2). The elution profile for both enzymes was similar, and both were stable when dialyzed in phosphate buffer. This partially purified enzyme (2) was shown to release reducing power and acetylamino sugars from the cell walls of Micrococcus lysodeikticus, indicating that it was a glycosidase, i.e., an endo-,/-N-acetylmuramidase or endo-/3-N-acetylaglucosaminidase.
As described in this paper, enzyme I was further purified. In our preliminary experiments, it was observed that if the crude extract was stored at -15°C for several weeks instead of 1 week, a large amount of inactive proteins could be precipitated out without any loss of lytic activity. Thus, the crude extract with specific activity of 4,400 (compared to 812 if the extract was stored for only 1 week) was obtained and used for further purification.
There were difficulties encountered in the concentration of enzyme I after each column passage. Lyophilization resulted in a high loss of activity (40 to 70% at different times). Concentration by acetone precipitation was therefore used after each column passage.
Rosenthal and co-workers (8) reported that the amoeba extracts of Acanthamoeba castellanii contained endo-hexosaminidases. Drozanski (3) found lysozyme-like activity in A. castellanii contained endohexosaminidases. Drozanwhether the lytic activity was of N-acetylmuramidase type or N-acetylglucosaminidase type or both. Berger and Mannheim (1) reported lysozyme-like activity in a limax amoeba. It was later identified by Katz et al. (5) as Nacetylmuramidase. The purified enzyme I from H. glebae is also an endo-p-N-acetylmuramidase. ally not detectable by this reagent (10) . These results indicate that enzyme I is an endo-13-Nacetylmuramidase.
DISCUSSION
The presence of bacteriolytic activity in a soil amoeba, H. glebae, was first reported in 1968 (11) . Since then, several bacteriolytic enzymes in amoebae have been described in the literature (1-3, 5, 8, and 12).
As was reported earlier (12) two bacteriolytic enzymes, enzyme I and enzyme II, were produced by the amoebae when both E. aerogenes and A. faecalis were used as a nutritional
